Stripping voltammetric methods for the determination of aflatoxin compounds by Yaacob, Mohamad Hadzri
 vii
 
 
 
TABLE OF CONTENTS 
 
 
 
 
 
CHAPTER               TITLE            PAGE 
 
TITLE        i 
DECLARATION       ii 
DEDICATION       iii 
ACKNOWLEDGEMENT      iv 
ABSTRACT        v 
ABSTRAK        vi 
TABLE OF CONTENTS      vii 
LIST OF TABLES       xiii 
LIST OF FIGURES       xvi 
ABBREVATIONS       xxix 
        LIST OF APPENDICES      xxxiii 
 
1 LITERATURE REVIEW                                                      1 
  1.1 Overview                  1 
1.2 Aflatoxins       3  
1.2.1 Aflatoxins in general     3 
  1.2.2 Chemistry of aflatoxins    5 
  1.2.3 Health aspects of aflatoxins    12 
1.2.4 Analytical methods for the determination of  16                    
aflatoxins   
  1.2.5 Electrochemical properties of aflatoxins  28 
 1.3. Voltammetric technique     30 
   1.3.1 Voltammetric techniques in general   30 
 viii
   1.3.2 Voltammetric measurement    31 
    1.3.2.1 Instrumentation    31 
    1.3.2.2 Solvent and supporting electrolyte  44 
    1.3.2.3 Current in voltammetry   46 
    1.3.2.4 Quantitative and quantitative aspects of   48 
voltammetry 
   1.3.3 Type of voltammetric techniques   49 
    1.3.3.1 Polarography     49 
    1.3.3.2 Cyclic voltammetry    51 
    1.3.3.3 Stripping voltammetry   54 
     1.3.3.3a   Anodic stripping voltammetry 56 
     1.3.3.3b   Cathodic stripping voltammetry 57 
     1.3.3.3c   Adsorptive stripping voltammetry 58 
    1.3.3.4 Pulse voltammetry    59 
     1.3.3.4a  Differential pulse voltammetry 60 
     1.3.3.4b  Square wave voltammetry  61 
  1.4 Objective and scope of study     64 
   1.4.1 Objective of study     64 
   1.4.2 Scope of study     67 
 
2 RESEARCH METHODOLOGY     70 
 
  2.1 Apparatus, material and reagents    70 
   2.1.1 Apparatus      70 
   2.1.2 Materials      72 
    2.1.2.1 Aflatoxin stock and standard solutions 72 
    2.1.2.2 Real samples     73 
   2.1.3 Reagents      73 
    2.1.3.1 Britton Robinson buffer, 0.04 M  73 
    2.1.3.2 Carbonate buffer, 0.04 M   74 
    2.1.3.3 Phosphate buffer, 0.04 M   74 
 ix
    2.1.3.4 Ascorbic acid     74 
    2.1.3.5 -cyclodextrin solution, 1.0 mM  75 
    2.1.3.6 L-Cysteine, 1.0 x 10-5 M   75 
    2.1.3.7 2,4-dihydrofuran, 0.15 M   75 
    2.1.3.8 Coumarin, 3.0 x 10-2 M   75 
    2.1.3.9 Poly-L-lysine, 10 ppm   75 
    2.1.3.10 Standard aluminium (II) solution, 1.0 mM 75 
    2.1.3.11 Standard plumbum(II) solution, 1.0 mM 76 
    2.1.3.12 Standard zinc (II) solution, 1.0 mM  76 
    2.1.3.13 Standard copper (II) solution, 1.0 mM 76 
    2.1.3.14 Standard nickel (II) solution, 1.0 mM 76 
    2.1.3.15 Methanol: 0.1 N HCl solution, 95%  76 
    2.1.3.16 Zinc sulphate solution, 15%   76 
 
  2.2 Analytical Technique      77 
   2.2.1 General procedure for voltammetric analysis  77 
   2.2.2 Cyclic voltammetry (Anodic and cathodic   77 
directions)   
    2.2.2.1 Standard addition of sample   77 
    2.2.2.2 Repetitive cyclic voltammetry  78 
    2.2.2.3 Effect of scan rate    78 
   2.2.3 Differential pulse cathodic stripping   78  
voltammetric determination  of AFB2  
    2.2.3.1 Effect of pH     79 
    2.2.3.2 Method optimisation for the determination 79  
     of AFB2  
     2.2.3.2a  Effect of scan rate   79 
     2.2.3.2b  Effect of accumulation potential 80 
     2.2.3.2c  Effect of accumulation time  80 
     2.2.3.2d  Effect of initial potential  80 
     2.2.3.2e  Effect of pulse amplitude  80 
 x
    2.2.3.3 Method validation    80 
    2.2.3.4 Interference studies    81 
     2.2.3.4a  Effect of  Cu(II), Ni (II), Al(III), 81 
        Pb(II) and Zn(II) 
2.2.3.4b Effect of ascorbic acid,    82  
     -cyclodextrin and L-cysteine 
    2.2.3.5 Modified mercury electrode with PLL 82 
2.2.4 Square wave cathodic stripping voltammetry 82  
(SWSV) 
2.2.4.1 SWSV parameters optimisation  82 
2.2.4.2 SWSV determination of all aflatoxins  82 
   2.2.5 Stability studies of aflatoxins     83 
    2.2.5.1 Stability of 10 ppm aflatoxins   83 
    2.2.5.2 Stability of 1 ppm aflatoxins   83 
    2.2.5.3 Stability of 0.1 M aflatoxins exposed  83 
to ambient temperature 
    2.2.5.4 Stability of 0.1 M aflatoxins in different  84  
     pH of BRB 
   2.2.6 Application to food samples    84 
    2.2.6.1 Technique 1     84 
    2.2.6.2 Technique 2     84 
    2.2.6.3 Technique 3     85 
    2.2.6.4 Blank measurement    85 
    2.2.6.5 Recovery studies    85 
    2.2.6.6 Voltammetric analysis    86 
     
       3 RESULTS AND DISCUSSION     88 
 
  3.1 Cyclic voltammetric studies of aflatoxins   88 
   3.1.1 Cathodic and anodic cyclic voltammetric  89  
of  aflatoxins  
 xi
  3.2 Differential pulse cathodic stripping voltammetry  102  
of AFB2   
   3.2.1 Optimisation of conditions for the stripping  104 
    analysis 
    3.2.1.1 Effect of pH and type of supporting   104 
     electrolyte 
3.2.1.2  Optmisation of instrumental conditions 117 
     3.2.1.2a  Effect of scan rate   118 
     3.2.1.2b  Effect of accumulation time 119 
     3.2.1.2c  Effect of accumulation  120 
        potential 
     3.2.1.2d  Effect of initial potential  121 
     3.2.1.2e  Effect of pulse amplitude  122 
   3.2.2 Analysis of aflatoxins     127 
    3.2.2.1 Calibration curves of aflatoxins and  129 
     validation of the proposed method   
     3.2.2.1a  Calibration curve of AFB2  129 
     3.2.2.1b  Calibration curve of AFB1  134 
     3.2.2.1c  Calibration curve of AFG1  137 
     3.2.2.1d  Calibration curve of AFG2  140 
    3.2.2.2 Determination of limit of detection  143 
    3.2.2.3 Determination of limit of quantification 147 
    3.2.2.4 Inteference studies    150 
  3.3 Square-wave stripping voltammetry (SWSV) of  157 
   aflatoxins 
   3.3.1 SWSV determination of AFB2   158 
    3.3.1.1 Optimisation of experimental and  159 
     instrumental SWSV parameters 
     3.3.3.1a  Influence of pH of BRB  159 
     3.3.3.1b Effect of instrumental  160 
        variables 
 xii
   3.3.2 SWSV determination of other aflatoxins  166 
   3.3.3 Calibration curves and method validation  168 
  3.4 Stability studies of aflatoxins     175 
   3.4.1 10 ppm aflatoxin stock solutions   175 
   3.4.2 1 ppm aflatoxins in BRB at pH 9.0   179 
    3.4.2.1 Month to month stability studies  179 
    3.4.2.2 Hour to hour stability studies   181 
    3.4.2.3 Stability studies in different pH   186 
of BRB    
    3.4.2.4 Stability studies in 1.0 M HCl and   191 
1.0 M NaOH   
  3.5 Voltammetric analysis of aflatoxins in real samples  192 
   3.5.1 Study on the extraction techniques   193 
   3.5.2 Analysis of blank     194 
   3.5.3 Recovery studies of aflatoxins in real samples 196 
   3.5.4 Analysis of aflatoxins in real samples  199 
 
 4 CONCLUSIONS AND RECOMMENDATIONS   204 
             
4.1 Conclusions       204 
4.2 Recommendations      206  
   
 REFERENCES        208 
 Appendices A – AM         255 - 317 
      
      
       
 
 
 
 
 xiii
LIST OF TABLES 
 
 
TABLE NO.       TITLE    PAGE 
 
 
1.0  Scientific name for aflatoxin compounds   7 
 
1.1  Chemical and physical properties of aflatoxin  10 
  compounds 
 
1.2  Summary of analysis methods used for    19 
  determination of aflatoxins in various samples 
 
1.3  Working electrode and limit of detection for   32 
  modern  polarographic and voltammetric  
  techniques. 
 
1.4  The application range of various analytical   33 
techniques and their concentration limits when  
compared with the requirements in different  
fields of chemical analysis 
 
1.5  List of different type of working electrodes and  36 
  its potential windows 
 
1.6  Electroreducible and electrooxidisable organic   50 
  functional groups 
 
1.7  The characteristics of different type of   53 
  electrochemical reaction. 
 
1.8  Application of Square Wave Voltammetry   62 
  technique 
 
2.0  List of aflatoxins and their batch numbers   72 
  used in this experiment 
 
2.1  Injected volume of aflatoxins into eluate of   86 
  groundnut and the final concentrations obtained   
  in voltammetric cell 
 
3.0  The dependence of current peaks of aflatoxins to  97 
  their concentrations obtained by cathodic cyclic  
measurements in BRB at 9.0.  
 
 xiv
 3.1  Effect of buffer constituents on the peak height  109 
of 2.0 μM AFB2 at pH 9.0. Experimental  
conditions are the same as Figure 3.21 
 
 3.2  Compounds reduced at the mercury electrode  116 
 
 3.3  Optimum parameters for 0.06 μM and 2.0 μM  126 
   AFB2 in BRB at pH 9.0. 
 
 3.4  The peak height and peak potential of aflatoxins  127 
   obtained by optimised parameters in BRB at  
   pH 9.0 using DPCSV technique. 
 
 3.5  Peak height (in nA) obtained for intra-day and  131 
   inter-day precision studies of 0.10 μM and 0.20  
   μM by the proposed voltammetric procedure (n=8). 
 
 3.6  Mean values for recovery of AFB2 standard   132 
   solution (n=3). 
 
 3.7  Influence of small variation in some of the   133 
   assay condition of the proposed procedure on its  
   suitability and sensitivity using 0.10 μM AFB2. 
 
 3.8  Results of ruggedness test for proposed method  134 
   using 0.10 μM AFB2. 
 
 3.9  Peak height (in nA) obtained for intra-day and  136 
   inter-day precision studies of 0.10 μM and 0.20  
   μM AFB1 by proposed voltammetric procedure 
(n=5). 
 
 3.10  Mean values for recovery of AFB1 standard   137 
   solution (n=3). 
 
 3.11  Peak height (in nA) obtained for intra-day and  139 
   inter-day precision studies of 0.10 μM and 0.20  
   μM AFG1 by proposed voltammetric procedure  
   (n=5). 
 
 3.12  Mean values for recovery of AFG1 standard   139 
   solution (n=3). 
 
 3.13  Peak height (in nA) obtained for intra-day and  141 
   inter-day precision studies of 0.10 μM and 0.20  
   μM AFG2 by proposed voltammetric procedure. 
 xv
 3.14  Mean values for recovery of AFG2 standard   142 
   solution (n=5). 
  
 3.15  Peak height and peak potential of 0.10 μM   143 
   aflatoxins obtained by BAS and Metrohm  
   voltammetry analysers under optimised  
   operational parameters for DPCSV method. 
 
 3.16  Analytical parameters for calibration curves   145 
   for AFB1,AFB2, AFG1 and AFG2 obtained by  
   DPCSV technique using BRB at pH 9.0 as the  
   supporting electrolyte.   
 
 3.17  LOD values for determination of aflatoxins   148 
   obtained by various methods. 
 
 3.18  LOQ values for determination of aflatoxins   149 
   obtained by various methods. 
 
 3.19  Peak current and peak potential for all aflatoxins  167 
   obtained by SWSV in BRB at pH 9.0 (n=5). 
 
 3.20  Analytical parameters for calibration curves for  172 
   AFB1, AFB2, AFG1 and AFG2 obtained by 
   SWSV technique in BRB pH 9.0 as the  
   supporting electrolyte. 
 
 3.21  Result of reproducibility study (intra-day and inter-  173 
   day measurements) for 0.1 μM aflatoxins in  
   BRB at pH 9.0 obtained by SWSV method. 
 
 3.22  Application of the proposed method in evaluation  174 
   of the SWSV method by spiking the aflatoxin 
   standard solutions. 
 
 3.23  Average concentration of all aflatoxins within a   175 
   year stability studies. 
 
 3.24  The peak current and peak potential of 10 ppb  196 
   AFB2 in presence and absence of a blank sample. 
 
 3.25  Total aflatoxin contents in real samples which  203 
   were obtained by DPCSV and HPLC 
   techniques (average of duplicate analysis)    
 
 
 xvi
    LIST OF FIGURES 
 
 
 
FIGURE NO.    TITLE    PAGE 
 
 
1.0  Aspergillus flavus seen under an electron   4 
  microscope. 
 
1.1  Chemical structure of coumarin    6 
 
1.2  Chemical structures of (a) AFB1, (b) AFB2,   8  
(c) AFG1, (d) AFG2, (e) AFM1 and (f) AFM2 
 
1.3  Hydration of (a) AFB1 and (b) AFG1 by TFA  9 
  produces (c) AFB2a and (d) AFG2a 
 
1.4  Transformation of toxic (a) AFB1 to non-toxic  11 
  (b) aflatoxicol A. 
 
1.5  Major DNA adducts of AFB1; (a) 8,9-Dihydro-8-  13 
  (N7-guanyl)-9-hydroxy-aflatoxin B1 (AFB1-Gua) 
  and (b) 8,9-Dihydro-8-(N5-Formyl-2’.5’.6’- 
  triamino-4’-oxo-N5-pyrimidyl)-9-hydroxy-Aflatoxin 
  B1 (AFB1-triamino-Py) 
 
1.6  Metabolic pathways of AFB1 by cytochrom P-450  14 
  enzymes; B1-epoxide = AFB1 epoxide, M1= 
  aflatoxin M1, P1= aflatoxin P1 and Q1 = aflatoxin 
  Q1. 
 
1.7 A typical arrangement for a voltammetric   34  
electrochemical cell (RE: reference electrode, 
WE: working electrode. AE: auxiliary electrode) 
  
1.8 A diagram of the Hanging Mercury Drop Electrode  37 
(HMDE) 
 
 1.9  A diagram of the Controlled Growth Mercury  38 
   Electrode (CGME) 
 
 1.10  Cyclic voltammograms of (a) reversible,    52 
   (b) irriversible and (c) quasireversible reaction at 
   mercury electrode (O = oxidised form and R = reduced  
form) 
 xvii
   
 
 1.11  The potential-time sequence in stripping analysis  55 
 
 1.12  Schematic drawing showing the Faradaic current  59 
   and charging current versus pulse time course 
 
 1.13  Schematic drawing of steps in DPV by    60 
   superimposing a periodic pulse on a linear scan 
 
 1.14  Waveform for square-wave voltammetry   61 
 
 2.0  BAS CGME stand (a) which is connected to   71 
   CV-50W voltammetric analyser and interface  
   with computer (b) for data processing 
 
 2.1  VA757 Computrace Metrohm voltammetric   71 
   analyser with 663 VA stand (consists of Multi  
   Mode (MME)) 
 
 3.0   Cathodic peak current of 0.6 μM AFB1 in various  89 
   pH of BRB obtained in cathodic cyclic voltammetry. 
   Ei = 0, Elow = -1.5 V, Ehigh = 0 and scan rate = 200  
mV/s) 
 
 3.1  Shifting of peak potential of AFB1 with increasing  90 
   pH of BRB.  Parameter conditions are the same 
   as in Figure 3.0. 
 
 3.2  Mechanism of reduction of AFB1 in BRB at pH 6.0  90 
   to 8.0. 
 
 3.3  Mechanism of reduction of AFB1 in BRB at pH 9.0  91 
   to 11.0. 
 
 3.4  Cathodic cyclic voltammogram for 1.3 μM AFB1  92 
   obtained at scan rate of 200 mV/s, Ei = 0, Elow = 
-1.5 V and Ehigh = 0 in BRB solution at pH 9.0. 
 
 3.5  Cathodic cyclic voltammogram for 1.3 μM AFB2  92 
   in BRB solution at pH 9.0. All parameter conditions 
   are the same as in Figure 3.4. 
 
 3.6  Cathodic cyclic voltammogram for 1.3 μM AFG1  93 
   in BRB solution at pH 9.0. All parameter conditions 
   are the same as in Figure 3.4. 
 xviii
 3.7  Cathodic cyclic voltammogram for 1.3 μM AFG2  93 
   in BRB solution at pH 9.0. All parameter conditions 
   are the same as in Figure 3.4. 
 
 
 3.8  Effect of Ei to the Ip of 0.6 μM AFB1 in BRB at pH  94  
9.0 obtained by cathodic cyclic voltammetry. All  
parameter conditions are the same as in Figure 3.4. 
 
 
 3.9  Effect of Ei to the Ip of 0.1 μM Zn2+ in BRB at pH  94  
9.0 obtained by cathodic cyclic voltammetry. All  
parameter conditions are the same as in Figure 3.4. 
 
 
 3.10  Anodic cyclic voltammogram of 1.3 μM AFB2  95 
   obtained at scan rate of 200 mV/s, Ei = -1.5 V,  
   Elow = -1.5 V and Ehigh = 0 in BRB at pH 9.0. 
 
 
 3.11  Effect of increasing AFB2 concentration on the  96 
   peak height of cathodic cyclic voltammetrc curve  
   in BRB at pH = 9.0. (1.30 μM,  2.0 μM, 2.70 μM  
   and 3.40 μM). All parameter conditions are the  
   same as in Figure 3.4. 
 
 
 3.12  Peak height of reduction peak of AFB2 with   96 
   increasing concentration of AFB2. All parameter  
conditions are the same as in Figure 3.4. 
 
 
 3.13  Repetitive cathodic cyclic voltammograms of 1.3  98 
   μM AFB2 in BRB solution at pH 9.0. All  
experimental conditions are the same as in Figure 3.4. 
 
 3.14  Increasing Ip of 1.3 μM AFB2 cathodic peak   98 
   obtained from repetitive cyclic voltammetry. All  
experimental conditions are the same as in Figure 3.4. 
 
 
 3.15  Peak potential of 1.3 μM AFB2 with increasing  99 
   number of cycle obtained by repetitive cyclic  
voltammetry.  
 
 
 xix
 3.16  Plot of log Ip versus log  for 1.3 μM AFB2 in  100 
   BRB solution at pH 9.0. All experimental conditions  
are the same as in Figure 3.4. 
 
 3.17  Plot of Ep versus log  for 1.3 μM AFB2 in BRB  101 
solution at pH 9.0.  
 
 3.18  Plot of Ip versus  for 1.3 μM AFB2 in BRB   102 
   solution at pH 9.0. All parameter conditions  
are the same as in Figure 3.4. 
 
 3.19  DPCS voltammograms of 1.0 μM AFB2 (Peak I)    103 
   in BRB at pH 9.0 (a) at tacc = 0 and 30 s.  Other   
   parameter conditions; Ei = 0, Ef = -1.50 V,  
Eacc = 0,  =50 mV/s and pulse amplitude =  
100 mV.  Peak II is the Zn peak. 
 
 3.20  DPCS voltammograms of 2.0 μM AFB2 in BRB  104 
   in BRB (Peak I) at different pH values; 6.0, 7.0,  
8.0, 9.0, 11.0and 13.0. Other parameter conditions;  
Ei = 0, Ef =-1.50 V, Eacc = 0,  = 50 mV/s and pulse  
amplitude =100 mV. Peak II is the Zn peak. 
 
 3.21  Dependence of the Ip for AFB2 on the pH of   105 
   0.04 M  BRB solution.  AFB2 concentration:  
   2.0 μM, Ei =0, Ef = -1.5 V, Eacc = 0, tacc = 30 sec,  
    = 50 mV/s and pulse amplitude = 100 mV. 
 
 3.22  Ip of 2.0 μM AFB2 obtained in BRB (a) at pH  106 
   from 9.0 decreases to 4.0 and re-increase to 9.0 and  
(b) at pH from 9.0 increase to 13.0 and re-decrease  
   to 9.0. 
 
3.23                 UV-VIS spectrums of 1 ppm AFB2 in BRB at   107 
pH (a) 6.0, (b) 9.0 and (c) 13.0. 
 
 3.24  Opening of lactone ring by strong alkali caused no  108 
   peak to be observed for AFB2 in BRB at pH 13.0. 
 
 3.25  Ip of 2.0 μM AFB2 in different concentration of  109 
   BRB at pH 9.0.  Experimental conditions are  
   the same as in Figure 3.20. 
 
 3.26  Ip of 2.0 μM AFB2 in different pH and concentrations 110 
   of BRB. 
 
 xx
 
 3.27  DPCS voltammograms of 2.0 AFB2 (Peak I)  110 
   in (a) 0.04 M, (b) 0.08 M and (c) 0.08 M BRB  
at pH 9.0 as the blank. Ei = 0 V, Ef = -1.5 V,  
Eacc = 0 V, tacc =  30 sec,  = 50mV/s and pulse  
amplitude = 100 mV. Peak II is the Zn peak. 
 
3.28                 Chemical structures of (a) 2,3-dihydrofuran,   111 
(b) tetrahydrofuran and (c) coumarin. 
 
3.29                 Voltammograms of 2,3-dihydrifuran (peak I) for  112 
   concentrations from (b) 0.02 to 0.2 μM in (a)  
   BRB at pH 9.0. 
 
 3.30  Dependence of Ip of coumarin to its concentrations  112 
 
 3.31  Voltammograms of coumarin at concentration of   113 
   (b) 34 μM, (c) 68 μM, (d) 102 μM, (e) 136 μM  
and (f) 170 μM in (a) BRB at pH 9.0. 
 
 3.32  Chemical structures of (a) cortisone and (b)    114 
testosterone.   
 
 3.33  Chemical structures of (a) digoxin and (b) digitoxin  115 
 
 3.34  Effect of pH of BRB solution on the Ep for AFB2.  117 
   AFB2 concentration: 2.0 μM. Ei = 0, Ef = -1.5 V,  
   Eacc = 0, tacc = 30 s and  = 50 mV/s. 
 
 3.35  Effect of various  to the (a) Ip and (b) Ep of 2.0 μM  118 
AFB2 peak in BRB at pH 9.0. Ei = 0, Ef = 1.50 V,  
Eacc = 0, tacc = 15 s and pulse amplitude = 100 mV. 
 
 3.36  Effect of tacc  on (a) Ip and (b) Ep  of 2.0 μM AFB2  119 
   peak in BRB at pH 9.0. Ei = 0, Ef = 1.50 V, Eacc = 0,  
 = 40 mV/s and pulse amplitude = 100 mV. 
 
 3.37  The relationship between (a) Ip and (b) Ep with  120 
   Eacc for 2.0 μM AFB2 in BRB at pH 9.0.  
   Ei = 0, Ef = -1.5 V, tacc = 15 s,  = 40 mV/s and  
pulse amplitude = 100 mV. 
 
 3.38  Effect of Ei on (a) Ip and (b) Ep of 2.0 μM AFB2  121 
   in BRB at pH 9.0. Ef = 1.50 V, Eacc = -0.80 V,  
tacc = 40 s, = 40 mV/s and pulse amplitude =  
100 mV. 
 xxi
3.39             Effect of pulse amplitude on (a) Ip and (b) Ep    122 
of 2.0 μM AFB2 in BRB at pH 9.0. Ei = -1.0 V,  
Ef = 1.50 V, Eacc = -0.80 V, tacc = 40 s and  =  
40 mV/s. 
 
 3.40  Effect of Eacc on Ip of 0.06 μM AFB2. Ei = -1.0 V,   123 
   Ef = -1.50 V, tacc = 40 s,  = 40 mV/s and pulse 
   amplitude = 100 mV. 
 
3.41                 Effect of tacc on (a) Ip and (b) Ep of 0.06 μM AFB2   124 
in BRB at pH 9.0. Ei = -1.0 V, Ef = -1.50 V, Eacc =  
-0.6 V,  = 40 mV/s and pulse amplitude = 100 mV. 
 
3.42   The effect  on (a) Ip and (b) Ep of 0.06 μM AFB2   125 
In BRB at pH 9.0. Ei = -1.0 V, Ef = -1.50 V, Eacc =  
-0.6 V, tacc = 80 s and pulse amplitude = 100 mV. 
 
 3.43  Voltammograms of 0.06 μM AFB2 obtained under  126 
   (a) optimised and (b) unoptimised parameters in BRB  
at pH 9.0.  
 
3.44   Voltammograms of 0.1 μM (a) AFB1, (b) AFG1,   128 
(c) AFB2 and (d) AFG2 in BRB at pH 9.0. Ei = 1.0  
(except for AFG1 = -0.95 V), Ef = -1.4 V, Eacc = -0.6 V,  
tacc = 80 s,  = 50 mV/s and pulse amplitude = 80 mV. 
 
 3.45  Voltammograms of (b) mixed aflatoxins in (a) BRB at  129  
pH 9.0 as the blank.  Parameters condition: Ei = -0.95 V, 
Ef = -1.4 V, Eacc = -0.6 V, tacc = 80 s,  = 50 mV/s and 
Pulse amplitude = 80 mV.  
  
 
 3.46  Increasing concentration of AFB2 in BRB at pH 9.0.  130 
   The parameter conditions: Ei = -1.0 V, Ef = -1.4 V,  
   Eacc =-0.6 V, tacc = 80 s,  = 50 mV/s and  
   pulse amplitude = 80 mV. 
 
 3.47  Linear plot of Ip versus concentration of AFB2  130 
   in BRB at pH 9.0.  The parameter conditions are 
the same as in Figure 3.46. 
 
 3.48  Standard addition of AFB1 in BRB at pH 9.0.   135 
   The parameter conditions: Ei = -1.0 V, Ef = -1.4 V,  
   Eacc =-0.8 V, tacc = 80 s,  = 50 mV/s and  
   pulse amplitude = 80 mV. 
 
 xxii
 3.49  Linear plot of Ip versus concentration of AFB1  135 
   in BRB at pH 9.0.  The parameter conditions are 
the same as in Figure 3.48. 
 
 3.50  Effect of concentration to Ip of AFG1 in BRB at  138 
   pH 9.0. Ei = -0.95 V, Ef = -1.40 V, Eacc =-0.8 V,  
tacc = 80 s,  = 50 mV/s and pulse amplitude = 80 mV. 
 
3.51      Linear plot of Ip versus concentration of AFG1   138 
in BRB at pH 9.0. The parameter conditions are 
the same as in Figure 3.50. 
 
 3.52  Effect of concentration to Ip of AFG2 in BRB at  140 
   pH 9.0. Ei = -1.0 V, Ef = -1.40 V, Eacc =-0.8 V,  
tacc = 80 s,  = 50 mV/s and pulse amplitude = 80 mV. 
 
 3.53  Linear plot of Ip versus concentration of AFG2  141 
   in BRB at pH 9.0. The parameter conditions are  
the same as in Figure 3.52. 
 
3.54   Voltammograms of 0.1 μM (a) AFB1, (b) AFB2,   144 
(c) AFG1 and (d) AFG2 in BRB at pH 9.0  
(d) obtained by 747 VA Metrohm. Ei = -1.0 V (except  
for AFG1 = -0.95 V), Ef = -1.4 V, Eacc = -0.6 V,  
tacc = 80 s,  = 50 mV/s and pulse amplitude = 80 mV. 
 
 3.55  Ip of all aflatoxins with increasing concentration of  150 
   Zn2+ up to 1.0 μM. 
 
 3.56  Voltammograms of (i) 0.1μM AFB2 and (ii) AFB2-Zn 151 
complex with increasing concentration of Zn2+ (a =  0,   
b = 0.75 μM, c = 1.50 μM, d = 2.25 μM and e = 3.0 μM). 
Blank = BRB at pH 9.0.  Experimental conditions;  
Ei = -1.0 V, Ef = -1.40 V, Eacc = -0.6 V, tacc = 80 s,  
 = 50 mV/s and pulse amplitude = 80 mV. 
 
 3.57  Ip of all aflatoxins after reacting with increasing  151 
   concentration of Zn2+ in BRB at pH 3.0. 
   Measurements were made in BRB at pH 9.0 within 
   15 minutes of reaction time.  Ei = -1.0 V (except 
for AFG1 = -0.95 V), Ef = -1.40 V, Eacc = -0.6 V,  
tacc = 80 s,  = 50 mV/s and pulse amplitude = 80 mV. 
 
 
 
 
 xxiii
 3.58  Absorbance of all aflatoxins with increasing   152 
   concentration of Zn2+ in BRB at pH 3.0 within 15 
   minutes of reaction time  
 
3.59  Voltammograms of 0.1μM AFB2 with increasing  153 
   concentration of Zn2+ (from 0.10 to 0.50 μM) in  
BRB at pH 9.0.  Ei = -0.25 V, Ef = -1.4 V, Eacc = 
-0.6 V, tacc = 80 s,  = 50 mV/s and pulse amplirude = 
80 mV. . 
 
 3.60  Chemical structure of ascorbic acid.    153 
 
 3.61  Ip of all aflatoxins with increasing concentration  154 
   of ascorbic acid up to 1.0 μM.  Concentrations of 
   all aflatoxins are 0.1μM. 
 
 3.62  Voltammograms of 0.1μM AFB2 with increasing  154 
   concentration of ascorbic acid. 
 
 3.63  Ip of all aflatoxins with increasing concentration  155 
   of -cyclodextrin up to 1.0 μM.   
 
 3.64  Voltammograms of 0.1μM AFB2 with increasing  156 
   concentration of -cyclodextrin. 
 
 3.65  Chemical structure of L-cysteine.    156 
 
 3.66  Ip of all aflatoxins with increasing concentration  157 
   of cysteine up to 1.0 μM.   
 
 3.67  Voltammograms of 0.1 μM AFB2 obtained by  158 
   (a) DPCSV and (b) SWSV techniques in BRB at 
   pH 9.0.  Parameters for DPCSV: Ei = -1.0 V, Ef =  
-1.40V, Eacc = -0.6 V, tacc = 80 s,  = 50 mV/s and  
pulse amplitude = 80 mV and for SWSV: Ei = -1.0 V,  
Ef = -1.40V, Eacc = -0.6 V, tacc = 80 s, frequency =  
50 Hz, voltage step = 0.02 V, amplitude = 80 mV  
and  = 1000 mV/s. 
 
 3.68  Influence of pH of BRB on the Ip of 0.10 μM  159 
   AFB2 using SWSV technique.  The instrumental  
Parameters are the same as in Figure 3.67. 
 
 3.69  Voltammograms of 0.1 μM AFB2 in different pH  160 
   of BRB.  Parameter conditions: Ei = -1.0 V, Ef = 
   -1.40 V, Eacc = -0.6 V, tacc = 80 s, voltage step = 
 xxiv
   0.02 V, amplitude = 50 mV, frequency = 50 Hz 
   and  = 1000 mV/s. 
 
 3.70  Effect of Ei to the Ip of 0.10 μM AFB2 in BRB at  160 
   pH 9.0. 
 
 3.71  Effect of Eaccto the Ip of 0.10 μM AFB2 in BRB at  161 
   pH 9.0. 
 
 3.72  Relationship between Ip of 0.10 μM AFB2 while   162 
   increasing tacc. 
 
3.73    Effect of frequency to the Ip of 0.10 μM AFB2 in   162 
BRB at pH 9.0. 
 
 3.74  Linear relatioship between Ip of AFB2 and square  163 
   root of frequency. 
 
 3.75  Influence of square-wave voltage step to Ip of   163 
   0.10 μM AFB2. 
 
 3.76  Influence of square-wave amplitude to Ip of  0.10 μM 164 
   AFB2. 
 
 3.77  Relationship of SWSV Ep of AFB2 with increasing  164 
   amplitude. 
 
3.78   Ip of 0.10 μM AFB2 obtained under (a) non-optimised 165 
and (b) optimised SWSV parameters compared with  
that obtained under (c) optimised DPCSV parameters. 
 
 3.79  Voltammograms of 0.10 μM AFB2 obtained under  166 
   (a) non-optimised and (b) optimised SWSV  
parameters compared with that obtained under (c) 
optimised DPCSV parameters. 
 
3.80  Ip of 0.10 μM aflatoxins obtained using two   167 
  different stripping voltammetric techniques under 
  their optimum paramter conditions in BRB at pH 9.0. 
 
3.81  Voltammograms of (i) AFB1, (ii) AFB2, (iii) AFG1  168 
  and (iV) AFG2 obtained by (b) DPCSV compared  
  with that obtained by (c) SWSV in (a) BRB at pH 9.0. 
 
3.82  SWSV voltammograms for different concentrations  169 
  of AFB1 in BRB at pH 9.0.  The broken line 
 xxv
  represents the blank: (a) 0.01 μM, (b) 0.025 μM, 
  (c) 0.05 μM, (d) 0.075 μM, (e) 0.10 μM, (f) 0.125 
  μM and (g) 0.150 μM.  Parameter conditions:  
Ei = -1.0 V, Ef = -1.4 V, Eacc = -0.8 V, tacc = 100 s, 
frequency = 125 Hz, voltage step = 0.03 V, pulse 
amplitude = 75 mV and scan rate = 3750 mV/s. 
 
 3.83  Calibration curve for AFB1 obtained by SWSV   170 
   method. 
 
 3.84  Calibration curve for AFB2 obtained by SWSV   170 
   method. 
 
 3.85  Calibration curve for AFG1 obtained by SWSV   170 
   method. 
 
 3.86  Calibration curve for AFG2 obtained by SWSV   171 
   method. 
 
 3.87  LOD for determination of aflatoxins obtained by   171 
   two different stripping methods. 
 
 3.88  UV-VIS spectrums of 10 ppm of all aflatoxins in  176 
   benzene: acetonitrile (98%) at preparation date. 
 
 3.89  UV-VIS spectrums of 10 ppm of all aflatoxins in  176 
   benzene: acetonitrile (98%) after 6 months of   
   storage time. 
 
 3.90  UV-VIS spectrums of 10 ppm of all aflatoxins in  177 
   benzene: acetonitrile (98%) after 12 months of   
   storage time. 
 
 3.91  UV-VIS spectrums of 10 ppm AFB1 (a) kept in   178 
   the cool and dark conditions and (b) exposed to  
   ambient conditions for 3 days. 
 
 3.92  UV-VIS spectrums of 1 ppm AFB1 in BRB   178 
   solution prepared from (a) good and (b) damaged 
   10 ppm AFB1 stock solution. 
 
 3.93  UV-VIS spectrums of 1 ppm AFB1 in BRB   179 
   solution prepared from (a) good and (b) damaged 
   10 ppm AFB1 stock solution after 2 week stored in 
   the cool and dark conditions. 
 
 xxvi
 3.94  Percentage of Ip of 0.10 μM aflatoxins in BRB at pH 180 
   9.0 at different storage time in the cool and dark  
conditions. 
 
3.95   Percentage of Ip of all aflatoxins in BRB at pH 9.0  181  
exposed to ambient conditions up to 8 hours of  
exposure time. 
 
 3.96  Reaction of 8,9 double bond furan rings in AFB1  182 
   with TFA, iodine and bromine under special 
   conditions (Kok, et al., 1986). 
 
 3.97  Voltammograms of 0.10 μM AFB1 obtained in (a)  183 
   BRB at pH 9.0 which were prepared from (b) 
   damaged and (c) fresh stock solutions. 
 
 3.98  Ip of 0.10 μM AFB1 obtained in BRB at pH 9.0  184 
   from 0 to 8 hours in (a) light exposed and (b) 
light protected. 
 
 3.99  Ip of 0.10 μM AFB2 obtained in BRB at pH 9.0  184 
   from 0 to 8 hours in (a) light exposed and (b) 
light protected. 
 
 3.100  Ip of 0.10 μM AFG1 obtained in BRB at pH 9.0  185 
   from 0 to 8 hours in (a) light exposed and (b) 
light protected. 
 
 3.101  Ip of 0.10 μM AFG2 obtained in BRB at pH 9.0  185 
   from 0 to 8 hours in (a) light exposed and (b) 
light protected. 
 
 3.102  Peak heights of 0.10 μM aflatoxins in BRB at pH  187 
   (a) 6.0, (b) 7.0, (c) 9.0 and (d) 11.0 exposed to 
   ambient conditions up to 3 hours of exposure time. 
 
 3.103  Resonance forms of the phenolate ion   187 
   (Heathcote, 1984). 
 
3.104   Voltammograms of 0.10 μM AFB2 in BRB at pH  188 
6.0 from 0 to 3 hrs exposure time. 
 
3.105    Voltammograms of 0.10 μM AFB2 in BRB at pH  188 
11.0 from 0 to 3 hrs of exposure time. 
 
 
 xxvii
3.106   Voltammograms of 0.10 μM AFG2 in BRB at pH  189 
6.0 from 0 to 3 hrs of exposure time. 
 
3.107   Voltammograms of 0.10 μM AFG2 in BRB at pH  189 
11.0 from 0 to 3 hrs of exposure time. 
 
3.108  Absorbance of 1.0 ppm aflatoxins in BRB at pH  190 
   (a) 6.0, (b) 7.0, (c) 9.0 and (d) 11.0 from 0 to 3  
hours of exposure time. 
 
 3.109  The peak heights of aflatoxins in 1.0 M HCl  from  191 
   0 to 6 hours of reaction time. 
 
 3.110  The peak heights of aflatoxins in 1.0 M NaOH from  192 
   0 to 6 hours of reaction time. 
 
 3.111  Voltammograms of real samples after extraction by  193 
   Technique (a) 1, (b) 2 and (c) 3 with addition of  
   AFB1 standard solution in BRB at pH 9.0 as a  
   blank. 
 
 3.112  Voltammograms of blank in BRB at pH 9.0 obtained 194 
   by (a) DPCSV and (b) SWSV methods. 
 
 3.113  DPCSV (a) and SWSV (b) voltammograms of 10   195 
   ppb AFB2 (i) in present of blank sample (ii) obtained  
   in BRB at pH 9.0 (iii) as the supporting electrolyte. 
 
 3.114  DPCSV voltammograms of real samples (b) added  197 
   with 3 ppb (i), 9 ppb (ii) and 15 ppb (iii) AFB1 
   obtained in BRB at pH 9.0 (a) as the blank on the 
   first day measurement. 
 
 3.115  Percentage of recoveries of (a) 3 ppb, (b) 9 ppb,  198 
   (c) 15 ppb of all aflatoxins in real samples 
   obtained by DPCSV methods for one to three 
   days of measurements. 
 
 3.116  DPCSV voltammograms of real sample, S11 (b)  199 
   with the addition of 10 ppb AFB1 (c) in BRB at pH 
   9.0 (a) as the blank.  Parameter conditions: Eacc = 
   -0.6 V, tacc = 80 s, scan rate = 50 mV/s and pulse 
   amplitude = 80 mV.  
  
 
 
 xxviii
 3.117  SWSV voltammograms of real sample, S11 (b)  200 
   with the addition of 10 ppb AFB1 (c) in BRB at pH 
   9.0 (a) as the blank.  Parameter conditions: Eacc = 
   -0.8 V, tacc = 100 s, scan rate = 3750 mV/s,  
frequency = 125 Hz, voltage step = 0.03 V and  
pulse amplitude = 75 mV.  
 
 3.118  DPCSV voltammograms of real sample, S07 (b)  200 
   with the addition of 10 ppb AFB1 (c) in BRB at pH 
   9.0 (a) as the blank.  Parameter conditions: Eacc = 
   -0.6 V, tacc = 80 s, scan rate = 50 mV/s and pulse 
   amplitude = 80 mV.  
 
 3.119  SWSV voltammograms of real sample, S07 (b)  201 
   with the addition of 10 ppb AFB1 (c) in BRB at pH 
   9.0 (a) as the blank.  Parameter conditions: Eacc = 
   -0.8 V, tacc = 100 s, scan rate = 3750 mV/s,  
frequency = 125 Hz, voltage step = 0.03 V and  
pulse amplitude = 75 mV.  
 
 3.120  DPCSV voltammograms of real sample, S10 (b)  201 
   with the addition of 10 ppb AFB1 (c) in BRB at pH 
   9.0 (a) as the blank.  Parameter conditions: Eacc = 
   -0.6 V, tacc = 80 s, scan rate = 50 mV/s and pulse 
   amplitude = 80 mV.  
 
 3.121  SWSV voltammograms of real sample, S10 (b)  202 
   with the addition of 10 ppb AFB1 (c) in BRB at pH 
   9.0 (a) as the blank.  Parameter conditions: Eacc = 
   -0.8 V, tacc = 100 s, scan rate = 3750 mV/s,  
frequency = 125 Hz, voltage step = 0.03 V and  
pulse amplitude = 80 mV.  
 
 
 
 
 
 
 
 
 
 
 
 
 xxix
ABBREVIATIONS 
 
       
AAS  Atomic absorption spectrometry 
Abs  Absorbance 
ACP  Alternate current polarography 
ACV  Alternate current voltammetry 
AD  Amperometric detector 
AdCSV Adsorptive cathodic stripping voltammetry 
AE  Auxiliary electrode 
AFB1  Aflatoxin B1 
AFB2  Aflatoxin B2 
AFG1  Aflatoxin G1 
AFG2  Aflatoxin G2 
AFM1  Aflatoxin M1 
AFM2  Aflatoxin M2 
AFP1  Aflatoxin P1 
AFQ1  Aflatoxin Q1 
Ag/AgCl Silver/silver chloride 
ASV  Anodic stripping voltammetry 
-CD  -cyclodextrin 
BFE  Bismuth film electrode 
BLMs  Bilayer lipid membranes 
BRB  Britton Robinson Buffer 
CA  Concentration of analyte 
CE  Capillary electrophoresis 
CGME  Controlled growth mercury electrode  
CME  Chemically modified electrode 
CPE  Carbon paste electrode 
CSV  Cathodic stripping voltammetry 
CV  Cyclic voltammetry 
 xxx
DC  Direct current 
DCP  Direct current polarography 
DME  Dropping mercury electrode 
DMSO  Dimethyl sulphonic acid 
DNA  Deoxyribonucliec acid 
DPCSV Differential pulse cathodic stripping voltammetry 
DPP  Differential pulse polarography 
DPV  Differential pulse voltammetry 
Eacc  Accumulation potential 
Ei  Initial potential 
Ef  Final potential 
Ehigh  High potential 
Elow  Low potential 
Ep  Peak potential 
ECS  Electrochemical sensing 
Et4NH4 OH Tetraethyl ammonium hydroxide 
ELISA  Enzyme linked immunosorbant assay 
FD  Fluorescence detector 
FDA  Food and Drug Administration 
GCE  Glassy carbon electrode 
GC-FID Gas chromatography with flame ionisation detector 
HMDE Hanging mercury drop electrode 
HPLC  High performance liquid chromatography 
HPTLC High pressure thin liquid chromatography  
IAC  Immunoaffinity chromatography 
IACLC Immunoaffinity column liquid chromatography 
IAFB  Immunoaffinity fluorometer biosensor 
IARC  International Agency for Research Cancer 
Ic  Charging current 
Id  Diffusion current 
If  Faradaic current 
 xxxi
Ip  Peak height 
ICP-MS Induced coupled plasma-mass spectrometer 
IR  Infra red 
IUPAC International Union of Pure and Applied Chemistry 
KGy  Kilogray 
LD50  Lethal dose 50 
LOD  Limit of detection 
LOQ  Limit of quantification 
LSV  Linear sweep voltammetry 
MFE  Mercury film electrode 
MS  Mass spectrometer 
MECC  Micellar electrokinetic capillary chromatography 
MOPS  3-(N-morpholino)propanesulphonic 
MOSTI Ministry of Science, Technology and Innovation 
NP  Normal polarography 
NPP  Normal pulse polarography 
NPV  Normal pulse voltammetry 
OPLC  Over pressured liquid chromatography 
PAH  Polycyclic aromatic hydrocarbon 
PLL  Poly-L-lysine 
ppb  part per billion 
ppm  part per million 
PSA  Potentiometric stripping analysis  
RDX  Hexahydro-1,3,5-trinitro-1,3,5-triazine 
RE  Reference electrode 
RIA  Radioimmunoassay 
RNA  Ribonucleic acid  
RSD  Relative standard deviation 
S/N  Signal to noise ratio 
SCE  Standard calomel electrode 
SCV  Stair case voltammetry 
 xxxii
SDS  Sodium dodecyl sulphate 
SHE  Standard hydrogen electrode 
SIIA  Sequential injection immunoassay  
SMDE  Static mercury drop electrode 
SPE  Solid phase extraction 
SPCE  Screen printed carbon electrode 
SWP  Square-wave polarography 
SWV  Square-wave voltammetry 
SWSV  Square-wave stripping voltammetry 
SV  Stripping voltammetry 
tacc  Accumulation time 
TBS  Tris buffered saline 
TEA  Triethylammonium 
TLC  Thin layer chromatography 
TFA  Trifluoroacetic acid 
UME  Ultra microelectrode 
  Scan rate 
v/v  Volume per volume  
UVD  Ultraviolet-Visible detector 
UV-VIS Ultraviolet-Visible 
WE  Working electrode 
WHO  World Health Organisation 
max  Maximum wavelenght 
max  Maximum molar absorptivity 
 
 
 
 
 
 
 
 xxxiii
LIST OF APPENDICES 
 
 
 
APPENDIX   TITLE               PAGE 
 
 
A  Relative fluorescence of aflatoxins in different  255 
  solvent s 
 
 B  UV spectra of the principal aflatoxins (in methanol)  256 
 
 C  Relative intensities of principal bands in the IR  257 
   spectra of the aflatoxins 
 
 D  Calculation of concentration of aflatoxin stock  258 
   solution 
 
 E  Extraction procedure for aflatoxins in real samples  259 
 
 F  Calculation of individual aflatoxin in groundnut  260 
   samples. 
 
 G  Cyclic voltammograms of AFB1, AFB2 and AFG2  262 
   with increasing of their concentrations.   
 
 H  Dependence if the peak heights of AFB1, AFG1  264  
   and AFG2 on their concentrations. 
 
 I  Repetitive cyclic voltammograms and their peak   266 
heights  of AFB1, AFG1 and AFG2 in BRB at pH 9.0 
 
 J  Plot Ep – log scan rate for the reduction of AFB1,   270 
AFG1 and AFG2 in BRB at pH 9.0 
 
 K  Plot of peak height versus scan rate for 1.3 μM of  272 
   AFB1, AFG1 and AFG2 in BRB at pH 9.0 
 
 L  Voltammograms of AFB2 with increasing    274 
   concentration. 
 
 M  Voltammograms of 0.1 μM and 0.2 μM AFB2  275 
   obtained on the same day measurements 
 
 N  Voltammograms of AFB2 at inter-day   276 
   measurements 
 xxxiv
 
 O  F test for robustness and ruggedness tests   278 
 
 P  Voltammograms of AFB1 with increasing   280 
   concentration 
 
 Q  Voltammograms of AFG1 with increasing   281 
   concentration 
 
 R  Voltammograms of AFG2 with increasing   282 
   concentration 
 
 S  LOD determination according to Barek et al. (2001a) 283 
 
 T  LOD determination according to Barek et al. (1999)  286 
 
 U  LOD determination according to Zhang et al. (1996) 287 
 
 V  LOD determination according to Miller and    288 
Miller (1993) 
 
 W  ANOVA test       290 
 
 X  Peak height of aflatoxins in presence and absence of PLL 292 
      
 Y  SWSV voltammograms of AFB1, AFB2, AFG1   293 
   and AFG2 in BRB at pH 9.0 
 
 Z  SWSV voltammograms of 0.10 μM AFB1, AFB2,  295 
   AFG1 and AFG2 in BRB at pH 9.0   
 
 AA  UV-VIS spectrums of 10 ppm AFB1, AFB2, AFG1  297 
   and AFG2 stock solutions 
 
 AB  Voltammograms of AFB1, AFB2, AFG1 and AFG2  299 
   obtained from 0 to 6 months of storage time in the  
cool and dark conditions. 
 
AC  Voltammograms of AFB1, AFB2, AFG1 and  302 
   AFG2 in BRB at pH 9.0 from 0 to 8 hours of   
exposure time. 
 
 AD  UV-VIS spectrums of AFB2 in BRB at pH 6.0  305 
   and 11.0. 
 
 
 xxxv
 AE  Voltammograms of AFB1 and AFG1 in 1.0 M HCl   307 
and 1.0 M NaOH   
    
 AF  DPCSV voltammograms of real samples added with  309 
various concentrations of AFG1 
 
 AG  SWSV voltammograms of real samples added with   310  
various concentrations of AFB1. 
 
 AH  Percentage of recoveries of various concentrations  311 
of all aflatoxins (3.0 and 9.0 ppb) in real samples  
obtained by SWSV method. 
 
 AI  Calculation of percentage of recovery for 3.0 ppb  312 
   AFG1 added into real samples.   
 
 AJ  HPLC chromatograms of real samples: S10 and S07 313 
 
 AK  Calculation of aflatoxin in real sample, S13   314 
 
 AL  List of papers presented or published to date   315 
   resulting from this study. 
 
 AM  ICP-MS results for analysis of BRB at pH 9.0  317 
 
  
   
 
 
 
   
      
